Su W, Guo Z, Randall DC, Cassis L, Brown DR, Gong MC. Hypertension and disrupted blood pressure circadian rhythm in Type 2 diabetic db/db mice. Am J Physiol Heart Circ Physiol 295: H1634 -H1641, 2008. First published August 15, 2008 doi:10.1152/ajpheart.00257.2008.-Human Type 2 diabetes is associated with increased incidence of hypertension and disrupted blood pressure (BP) circadian rhythm. Db/db mice have been used extensively as a model of Type 2 diabetes, but their BP is not well characterized. In this study, we used radiotelemetry to define BP and the circadian rhythm in db/db mice. We found that the systolic, diastolic, and mean arterial pressures were each significantly increased by 11, 8, and 9 mmHg in db/db mice compared with controls. In contrast, no difference was observed in pulse pressure or heart rate. Interestingly, both the length of time db/db mice were active (locomotor) and the intensity of locomotor activity were significantly decreased in db/db mice. In contrast to controls, the 12-h light period average BP in db/db mice did not dip significantly from the 12-h dark period. A partial Fourier analysis of the continuous 72-h BP data revealed that the power and the amplitude of the 24-h period length rhythm were significantly decreased in db/db mice compared with the controls. The acrophase was centered at 0141 in control mice, but became scattered from 1805 to 0236 in db/db mice. In addition to BP, the circadian rhythms of heart rate and locomotor activity were also disrupted in db/db mice. The mean arterial pressure during the light period correlates with plasma glucose, insulin, and body weight. Moreover, the oscillations of the clock genes DBP and Bmal1 but not Per1 were significantly dampened in db/db mouse aorta compared with controls. In summary, our data show that db/db mice are hypertensive with a disrupted BP, heart rate, and locomotor circadian rhythm. Such changes are associated with dampened oscillations of clock genes DBP and Bmal1 in vasculature. radiotelemetry; obesity; blood pressure nondipper; clock gene MORE THAN 170 MILLION PEOPLE worldwide have diabetes. Hypertension occurs more frequently in these diabetic patients than in those without diabetes. Moreover, when hypertension is superimposed on diabetes, the progression of diabetic complications becomes significantly more severe (40). However, the mechanisms by which diabetes causes an increase in the incidence of hypertension are not well understood. An animal model that has both Type 2 diabetes and hypertension is essential for deciphering the mechanistic links between diabetes and hypertension. Db/db mice have been used extensively in the study of obesity/Type 2 diabetes. These mice manifest a cluster of symptoms similar to those present in Type 2 diabetic patients, including insulin resistance, compensatory hyperinsulinemia, obesity, and hyperglycemia (3). However, conflicting results have been reported regarding blood pressure (BP) levels in db/db mice, depending on the method for BP measurement (radiotelemetry vs. tail cuff), age of mice, and background strain (2, 4, 11, 20, 28) . Consequently, it is unclear whether the db/db mice are an appropriate model for studying mechanisms underlying diabetes associated hypertension.
MORE THAN 170 MILLION PEOPLE worldwide have diabetes. Hypertension occurs more frequently in these diabetic patients than in those without diabetes. Moreover, when hypertension is superimposed on diabetes, the progression of diabetic complications becomes significantly more severe (40) . However, the mechanisms by which diabetes causes an increase in the incidence of hypertension are not well understood. An animal model that has both Type 2 diabetes and hypertension is essential for deciphering the mechanistic links between diabetes and hypertension. Db/db mice have been used extensively in the study of obesity/Type 2 diabetes. These mice manifest a cluster of symptoms similar to those present in Type 2 diabetic patients, including insulin resistance, compensatory hyperinsulinemia, obesity, and hyperglycemia (3) . However, conflicting results have been reported regarding blood pressure (BP) levels in db/db mice, depending on the method for BP measurement (radiotelemetry vs. tail cuff), age of mice, and background strain (2, 4, 11, 20, 28) . Consequently, it is unclear whether the db/db mice are an appropriate model for studying mechanisms underlying diabetes associated hypertension.
BP and heart rate have a circadian pattern characterized by a low period during sleep; an early morning, postawakening rise; and a high plateau period while the subject is awake (46) . Individuals whose average nighttime BP fails to "dip" relative to their average daytime BP by at least 10% are termed "nondippers." Nondippers have a significantly greater frequency of left ventricular hypertrophy, microalbuminuria, and stroke (15, 30, 37) than do individuals whose BP drops while sleeping by 10% or more. Diabetic patients have been reported to have a diminished nighttime decrease in BP (8, 32) . However, it is unknown whether the BP circadian rhythm is altered in db/db mice.
Recent studies have revealed that the endogenous rhythms of various physiological and behavioral processes are generated at the cellular level by circadian core oscillators, which are composed of transcriptional/translational feedback loops involving a set of clock genes (23, 35) . These clock genes are expressed not only in the neurons of the suprachiasmatic nucleus but also in peripheral cells including those of the cardiovascular system (34) . Dramatic oscillations in circadian clock components have been observed in mouse aortas isolated at different times throughout the 24-h period (36) . Among multiple clock genes, DBP and Bmal1 have been shown to be involved in BP regulation (7, 27) . However, it is unknown whether the oscillations of these clock genes are altered in db/db mouse vasculature.
The radiotelemetry technology provides an invaluable method that allows for continuous and accurate monitoring of BP in conscious free-moving mice (26) . Moreover, an advantage of radiotelemetry technology includes the ability to define locomotor activity as a determinant of BP and through continuous recording to obtain information related to circadian BP rhythms. Therefore, the purpose of this study was to use radiotelemetry in db/db diabetic mice for definition of BP, heart rate, and circadian rhythms in these cardiovascular parameters. In addition, we investigated the clock gene expression in db/db mouse vasculature.
care facility at the Medical Center of the University of Kentucky, which is accredited by the American Association for Accreditation of Laboratory Animal Care. All animal protocols were approved by the Institutional Animal Care and Use Committee, and studies conformed with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996). The mice were fed a standard diet and reverse osmosis ultra-filtered water (RO water) ad libitum. Other chemicals and reagents were purchased from Sigma (St. Louis, MO) or Fisher (Pittsburgh, PA).
Implantation of telemetry transmitter. Each animal was chronically instrumented in the left common carotid artery with telemetry probe (TA11PA-C10, Data Sciences International, St. Paul, MN) for monitoring arterial pressure, heart rate, and locomotor activity. Mice were anesthetized with isoflurane. The left common carotid artery was isolated, and the catheter inserted and tied securely. The body of the unit was slipped under the skin and down into a dissected free "pocket" along the flank as close to the right hindlimb as possible. The neck incision was closed using silk suture, then further sealed with tissue adhesive. The mice were kept warm on a heating pad and monitored closely until fully recovered from anesthesia. After surgery, mice were singly caged under normal environmental conditions in 12-h light/dark cycles with lights on at 0600. All mice were allowed a 7-to 10-day recovery from surgery before baseline BP, heart rate, and locomotor activity were assessed. Locomotor activity counts reflect the frequency of movement of the animal across a grid. Each count reflects one movement of the animal.
The data from the TA 11PA-C10 device were transmitted via radio frequency signals to a receiver below the home cage (model RPC-1) and thereafter collected using the Dataquest A.R.T. system, version 4.0 (Data Sciences International, St. Paul, MN). The data were sampled continuously day and night for a total of 72 h with a sampling rate of 500 Hz. For calculation of the basal systolic, diastolic, and mean arterial pressure, data collected over 24 h were averaged.
Data analysis and circadian rhythm evaluation. Circadian variations in BP, heart rate, and locomotor activity were obtained by two methods. First, mean values from the dark period (1800-0600) were compared with mean light period (0600-1800) values. Second, the rhythmicities of BP, heart rate, and locomotor activity were analyzed by means of the nonlinear least-squares fitting program PHARMFIT (25) . The 5-min mean BPs over the entire 72 h were calculated for each mouse using the Dataquest A.R.T. system. Twenty-four-hour cosine and all partial Fourier curves, including up to the sixth harmonic, were fitted as models to the data. The following equation was used: y ϭ MESORϩ ͚{amplitude (i) ϫ cos[(x-acrophase (i)) ϫ 2/period (i)]}, with i being the number of overlapping cosine functions. The program calculates estimates of the MESOR (midline estimating statistic of rhythm, i.e, the rhythm-adjusted 24-h mean), the amplitude (half of peak to trough of rhythmic change), and the acrophase (peak time of each component cosine function) of the harmonics together with the percentage of rhythm. The F test was used to test for zero amplitude.
Real-time PCR determination of clock gene mRNA. Six pairs of db/db and control mice were killed at Zeitgeber time 23 and another six pairs were killed at Zeitgeber time 11 (ZT 23 or ZT 11, ZT0: light on, ZT 12 light off). Aortas were removed immediately and placed in RNAlater solution. After the adventitia and endothelium was carefully removed, RNA was extracted using an RNeasy mini-kit (Qiagen, Valencia, CA). The aortic smooth muscle tissue was used because vascular clock is best characterized in aortic smooth muscle (34, 36) , and db/db mouse aortic smooth muscle showed dramatic enhanced contractile responses similar to small arteries (12) . In addition, the aortic smooth muscle is readily available in sufficient quantities. The RNA extraction, cDNA synthesis, and real-time PCR were carried out as previously described (12, 45) . The PCR primers used were DBP: 5Ј-ACCGTGGAGGTGCTAATG-3Ј (forward) and 5Ј-ATGGCCTG-GAATGCTTGA-3Ј (reverse); Bmal1: 5Ј-CACTGTCCCAGGCAT-TCCA-3Ј (forward) and 5Ј-TTCCTCCGCGATCATTCG-3Ј (reverse); Per1: 5Ј-TCGAAACCAGGACACCTTCTCT-3Ј (forward) and 5Ј-GGGCACCCCGAAACACA-3Ј (reverse); 36b4: 5Ј-CCCT-GAAGTGCTCGACATCA-3Ј (forward) and 5Ј-TGCGGACACCCT-CCAGAA-3Ј (reverse). These primers have been demonstrated to be specific for the respective clock genes (33) . The mRNAs of clock Fig. 1 . The 24-h average systolic (A), diastolic (B), and mean arterial blood pressure (C), but not pulse pressure (D) and heart rate (E), were increased in db/db mice. Male 14-to 16-wk-old db/db and age-and gender-matched control mice were chronically instrumented in the left common carotid arteries with telemetry probes. Data of the blood pressure and heart rate were collected continuously and are individual values for each mouse with the average value for each group (horizontal line) over a 24-h period. **P Ͻ 0.01; ***P Ͻ 0.001. genes DBP, Bmal1, and Per1 were normalized to 36b4 mRNA and quantified by the standard curve analysis.
All data are expressed as means Ϯ SE. Significant statistical difference was set at P Ͻ 0.05. Data were compared by t-tests unless otherwise noted.
RESULTS
Body weight, plasma glucose and insulin in db/db and control mice. Twelve control and 12 db/db male mice were used at age of 14 to 16 wk. Body weights of the db/db mice were significantly heavier than those of the control mice: 47.4 Ϯ 1.20 vs. 27.7 Ϯ 0.48 g (P Ͻ 0.0001). Nonfasting plasma glucose levels in db/db mice were significantly higher than in control mice: 537.3 Ϯ 33.3 vs. 232.4 Ϯ 18.61 mg/dl (P Ͻ 0.001). Plasma insulin levels were 2.9 Ϯ 0.66 ng/ml in db/db mice and 1.2 Ϯ 0.21 ng/ml in control mice (P Ͻ 0.05).
Systolic, diastolic, and mean arterial pressures are increased in db/db mice. As shown in Fig. 1 , when averaged over a 24-h period, the systolic, diastolic, and mean arterial pressures were significantly increased in db/db mice compared with control mice: systolic, 141.5 Ϯ 2.25 vs.130.2 Ϯ 2.10 mmHg (P Ͻ 0.01); diastolic, 103.4 Ϯ 1.59 vs. 95.7 Ϯ 1.39 mmHg (P Ͻ 0.01); and mean, 122.7 Ϯ 1.58 vs. 113.5 Ϯ 1.54 mmHg (P Ͻ 0.001). In contrast, no significant differences were detected in the pulse pressure and heart rate between db/db and control mice: pulse pressure, 34.3 Ϯ 1.57 vs. 38.1 Ϯ 2.30 mmHg (P ϭ 0.74); heart rate, 537.1 Ϯ 7.84 vs. 520.8 Ϯ 9.84 beats/min (P ϭ 0.20).
Locomotor activity is dramatically decreased in db/db mice.
Locomotor activity is an important factor influencing the BP. Therefore, we compared locomotor activity between control and db/db mice. The telemetry system produces an activity "count" that represents a rough index of the animal's locomotor activity. We found that the amount of time the mice were active (i.e., have a count of Ͼ0) was significantly decreased in db/db compared with control mice: 13.5 Ϯ 0.88 vs. 16.9 Ϯ 0.66 h/24-h period, respectively (P Ͻ 0.01; Fig. 2A ). Moreover, when the mice were active, the average intensity of the activity was significantly decreased in db/db mice compared with control mice: 2.4 Ϯ 0.18 vs. 6.0 Ϯ 0.52 counts/min, respectively (P Ͻ 0.001; Fig. 2B ). Combining these parameters to define total locomotor activity, db/db mice exhibited a decrease in activity compared with control: 1.7 Ϯ 0.16 vs. 5.3 Ϯ 0.68 (P Ͻ 0.001; Fig. 2C ).
BP circadian rhythm is disrupted in db/db mice. Control mice exhibited a diurnal pattern in mean arterial pressure during 72 h of recording (Fig. 3A, bottom) . The average arterial pressure in the 12-h light period significantly "dipped" when compared with that during the 12-h dark period (Fig. 3B) . Partial Fourier analysis showed that 24 h was the dominant period length (Fig. 3C ) in control mice, and the only other minor rhythm that was detectable was one with a period length of ϳ14 h.
In striking contrast, db/db mice did not exhibit an apparent diurnal pattern in mean arterial pressure during a 72-h recording period (Fig. 3A, top) . The average arterial pressure in the Fig. 2 . db/db Mice exhibit decreased locomotor activity. Locomotor activity was recorded in 14-to 16-wk-old db/db and control mice. A: time the mice were active over a 24-h period. B: intensity of activity when the mice are active. C: overall activity. Individual values for each mouse are depicted, with the group average (horizontal line). **P Ͻ 0.01; ***P Ͻ 0.001. 12-h light period did not "dip" when compared with the arterial pressure during the 12-h dark period (Fig. 3B) . Consequently, the mean arterial pressure difference between db/db and control mice during the light period was bigger than that during the dark period: 14 vs. 6 mmHg. Partial Fourier analysis indicated that there were several rhythms with variable period lengths in the db/db mice. The period lengths detected include short ones of 1 to 3 h and a much longer one of 24 h (Fig. 3C) .
Since 24 h is the one period length that was detected in both control and db/db mice, we further compared the 24-h rhythm attributes between the two strains of mice. The results showed significantly decreased amplitude (half of peak to trough of rhythmic change; Table 1 ) in db/db mice compared with control mice: 5.67 Ϯ 1.38 vs.11.74 Ϯ 0.53 mmHg, respectively (P Ͻ 0.001). The acrophase (peak time of each component cosine function) shifted from1:41 Ϯ 0:09 in control mice to 5:58 Ϯ 2:34 in db/db mice (P ϭ 0.078). Although the time shift in the acrophase was obvious in db/db mice, the difference did not reach statistical significance, which was likely due to the large variation (18:05 to 2:36) in db/db mice. The peak and nadir of the fitted arterial pressures were both significantly increased in db/db mice compared with control mice (Table 1) .
The circadian rhythms of heart rate and locomotor activity are disrupted in db/db mice. We next characterized the heart rate and locomotor activity circadian rhythms to investigate whether, in addition to BP circadian rhythm, other circadian rhythms were also disrupted in db/db mice. As shown in Fig. 4 , the apparent heart rate diurnal pattern present in control mice (Fig. 4A, bottom) was dramatically altered in db/db mice (Fig.  4A, top) . However, in both the control and db/db mice, the mean heart rate during the dark cycle was significantly dipped compared with those during the light cycle (Fig. 4B ). Periodogram shows that, in control mice, 24 h was the dominant period length (Fig. 4C) . In contrast, in db/db mice, there were several additional short period lengths of 1-3 h in addition to the 24-h period length (Fig. 4C) . Interestingly, although the amplitude was significantly decreased in db/db mice (39.1 Ϯ 6.94 vs. 59.2 Ϯ 3.07; P ϭ 0.01), the other 24-h rhythm attributes including acrophase, peak, nadir, and the ratio of dark/light period values did not show a statistically significant difference between db/db and control mice ( Table 2) .
The locomotor activity rhythmicity showed striking differences between the control and db/db mice. As shown in Fig. 5 , the apparent locomotor activity diurnal pattern present in control mice (Fig. 5, A, bottom, and B) was almost absent in db/db mice (Fig. 5, A, top, and B) . Periodogram shows that a dominant period length of 24 h is present in the control mice (Fig. 5C ), but no significant rhythmicity was detected in the db/db mice (Fig. 5C) . Except the nadir, all other 24-h rhythm attributes, including amplitude, acrophase, peak counts, and ratio of dark/light period, showed significant difference between the control and db/db mice (Table 3) .
Correlation between BP and plasma glucose, insulin, and body weight. To start to explore whether BP correlates with some of the metabolic abnormalities in db/db mice, we tested whether plasma glucose, insulin and body weight correlate with 24-h, light period, and dark period mean arterial pressure. Interestingly, the mean arterial pressure during the light period correlates with all three metabolic parameters, including plasma glucose (Fig. 6B), insulin (Fig. 6E) , and body weight (Fig. 6H) . However, no significant correlation was detected between the mean arterial pressure during the dark period with the plasma glucose (Fig. 6C) and insulin (Fig. 6F) .
The oscillations of clock genes DBP and bmal1 but not per1 mRNA are dampened in db/db mouse aorta. To begin to explore the molecular mechanisms underlying the perturbed BP circadian rhythm in db/db mice, we determined the rhythmic expression of several clock genes in the vasculature. DBP, Bmal1, and Per1 were chosen because they have been shown to be involved in BP regulation, and their expressions oscillate in mouse aorta (7, 27, 34) . Consistent with literature, DBP and Per1 mRNA level increased, whereas Bmal1 mRNA level decreased from Zeitgeber time 23 to 11 (ZT 23 to ZT 11) in Values are means Ϯ SE. Fig. 4 . Disrupted circadian heart rate rhythm in db/db mice. A: continuous 48-h heart rate recording obtained via radiotelemetry in control and db/db mice. B: average heart rate in the 12-h light and dark periods. Data are means Ϯ SE. C: representative heart rate periodograms from a db/db and a control mouse. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
control mice (Fig. 7) . Such time-dependent changes in DBP and Bmal 1 were significantly suppressed in db/db mice (Fig.  7, A and B) . But the changes of Per1 from ZT23 to ZT11 were not different between the control and db/db mice (Fig. 7C) .
DISCUSSION
db/db Mice have been used extensively as a Type 2 diabetes and obesity model and have provided important insights into the pathogenesis of diabetes and obesity. However, the few studies that have characterized BP in db/db mice have produced inconsistent results, potentially related to methods used for BP monitoring. Using radiotelemetry, results from the current study show that db/db mice have increased 24-h systolic, diastolic, and mean arterial pressures under conscious, free-moving conditions. In addition, our results demonstrate that db/db mice have severely disrupted circadian rhythms for BP, heart rate, and locomotor activity.
The differences between the control and db/db mouse 24-h average systolic pressure was 11 mmHg, diastolic pressure was 8 mmHg, and mean arterial pressure was 9 mmHg (Fig. 1) . Although these are not dramatic net increases in BP in db/db mice, such differences can have a very significant impact in cardiovascular outcomes in diabetic patients because BP values clearly bear a continuous linear relation with the incidence of cardiac and cerebrovascular events (6, 24) . Moreover, it has been demonstrated that for each 10-mmHg decrease in mean systolic BP, there is a reduced (by 11%) risk of myocardial infarction and microvascular complications (by 13%), resulting in a 15% decreased risk of death from diabetes (1, 21).
Our finding that db/db mice have increased BP is consistent with a previous report (2) but differs from other reports (11, 20, 28) . Although the precise mechanism(s) accountable for the inconsistency of these studies is unclear, it may relate to the fact that the tail-cuff method was used in these previous studies defining BP in db/db mice. Tail-cuff method may artificially enlarge or reduce the BP difference between the db/db and control mice. BP is variable throughout a 24-h period. Measuring BP at one time point using the tail-cuff method may have hindered the ability to detect a mean of 9-mmHg difference between the control and db/db mice in some studies (11, 20, 28) . On the other hand, the tail-cuff method may amplify the BP difference between the two strains of mice. For example, although both our data (present study) and those by Baji et al. (2) showed increased BP in db/db mice, the BP difference detected by us using radiotelemetry is smaller than that reported by Baji et al. using tail-cuff method (9 vs. 35 mmHg). Restraint of mice during the tail-cuff measurement procedure may have contributed to this discrepancy. Restraint is a known stress that increases mouse BP (7, 42) . The BP response to restraint stress may be bigger in the db/db mice than in normal control mice since we and others have reported that vascular reactivity to contractile stimuli are enhanced in db/db mice (12, 17, 18, 31 ). An additional factor related to variable findings depending on the method of BP measurement is that it is difficult to detect an arterial pulse in the tail of extremely obese db/db mice (Su W, Gong M, unpublished observation).
The current study used radiotelemetry to continually monitor and compare arterial pressure in db/db and control mice. This method facilitates an accurate direct assessment of arterial pressure that is not confounded by the stress of tethering or a limited number of sampling times. The results of the current study demonstrate that the 24-h average systolic, diastolic, and mean arterial pressures are elevated in db/db mice. A recent study used radiotelemetry to measure BP in db/db mice and found no significant differences in BP between db/db and control mice (4) . Differences in findings between our results and those by Bodary et al. include the age of mice and the genetic background of db/db mice. Results showing no difference in BP between db/db and control mice were obtained in 8- Fig. 6 . Blood pressure correlates with plasma glucose, insulin, and body weight. Blood pressures were measured continuously in conscious free-moving normal control and diabetic db/db mice by radiotelemetry. Mouse blood was collected at the end of blood pressure measurement. Plasma glucose and insulin levels were determined as described in the text. The correlation between mean arterial pressure over 24 h (A, D, and G), 12-h light period (B, E, and H), and 12-h dark period (C, F, and I) with plasma glucose, insulin, and body weight were plotted, and statistic significance was tested by Pearson's test. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. to 10-wk-old mice. Our results, obtained in older mice (14 -16 wk) may suggest that longer durations of diabetes are needed to cause diabetes-associated hypertension. In addition, it is well recognized that the phenotype of the leptin receptor mutation is dramatically influenced by the mouse genetic background (13) . The mice used in the current study were on a C57BL/KsJ background with plasma glucose of 537.3 Ϯ 33.3 mg/dl, whereas the mice used by Bodary et al. (4) were on a C57BL/6J background with plasma glucose of 340 mg/dl. The phenotype difference due to the background strain variation may have contributed to the differences in BP.
There is increasing evidence that not only does the average level of BP, but particularly an abnormal circadian BP rhythm with a decreased fall in night BP (nondipping), determine the development of diabetic complications and cardiovascular outcomes (16) . The mechanisms that account for the abnormal BP diurnal pattern in Type 2 diabetes remain largely unknown, although several observations suggest the involvement of decreased urinary albumin excretion rate (9), impaired circadian modulation of sympathovagal activity (14, 38, 39) , and impaired circadian modulation of the plasma norepinephrine levels (19) . A Type 2 diabetic animal model showing disrupted BP circadian rhythms should be an extremely useful tool for elucidating the precise relationship between diabetes/obesity and disruption of circadian rhythms. Our results demonstrate a severely disrupted BP circadian rhythm with changed period length, amplitude and a shifted acrophase in db/db mice. The nephropathy (5, 10) and neuropathy (29, 41) present in the 14-to 16-wk-old db/db mice may have contributed to the BP increase and BP circadian rhythm disruption. In addition, emerging studies demonstrate clock gene dysregulation as a mechanism that may contribute to hypertension and BP circadian dysregulation (7) . To start to explore the role of clock genes, we investigated the expression of several clock genes in vascular wall. Our data demonstrate a selected dampening of the oscillations of two clock genes, DBP and Bmal1, in db/db mice aorta, supporting a role of clock gene in circadian rhythm dysregulation in db/db mice. DBP and Bmal1 have been recently implicated in BP circadian rhythm regulation. Global knocking out Bmal1 completely abolished the diurnal variation in MAP, a phenotype very similar to what we observed in db/db mice (7). In contrast, selective suppression of Bmal1 in endothelium does not affect BP diurnal variation, suggesting Bmal1 in sites other than endothelium is essential for maintaining BP diurnal variation (43) . Interestingly, in Bmal1 knockout mouse aorta, the DBP expression is decreased (7) . DBP has been shown to be a component of the circadian output pathway (22) , and its oscillation is suppressed in Dahl Saltsensitive rats (27) . Importantly, a recent study by Woon et al. first reported a strong association in humans of Bmal1 single nucleotide polymorphisms SNP halotypes with hypertension and Type 2 diabetes (44). However, many questions remained to be addressed to identify a causal role of DBP and Bmal1 in db/db mice BP abnormalities. For example, for clock gene oscillations dampened in small arteries, endothelium, brain, heart, and kidney, which are directly relevant to BP regulation? Does restoring the DBP and/or Bmal1 oscillation in db/db mice recover their BP diurnal rhythm? Is the disrupted circadian rhythm in db/db mice caused directly by the loss of leptin receptor signaling, or alternatively is it a consequence of the disrupted metabolism resulting from the leptin receptor mutation?
In summary, our results demonstrate that db/db mice are hypertensive with a disrupted BP, heart rate, and locomotor activity circadian rhythm. Such changes are associated with suppressed clock gene DBP and Bmal1 oscillation in vasculature.
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